Published on 05 November 2013. Downloaded by JOINT ILL - ESRF LIBRARY on 07/01/2014 10:41:33.

Soft Matter

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

Structural and dynamical properties of
reconstituted myelin sheaths in the presence of

Cite this: Soft Matter, 2014, 10, 519

scattering

myelin proteins MBP and P2 studied by neutron

Wiebke Knoll,2° Judith Peters,@° Petri Kursula,®® Yuri Gerelli,® Jacques Ollivier,?

Bruno Demé,® Mark Telling,” Ewout Kemner” and Francesca Natali

*bi

The myelin sheath is a tightly packed, multilayered membrane structure wrapped around selected nerve

axons in the central and the peripheral nervous system. Because of its electrical insulation of the axons,

which allows fast, saltatory nerve impulse conduction, myelin is crucial for the proper functioning of the

vertebrate nervous system. A subset of myelin-specific proteins is well-defined, but their influence on
membrane dynamics, i.e. myelin stability, has not yet been explored in detail. We investigated the
structure and the dynamics of reconstituted myelin membranes on a pico- to nanosecond timescale,
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influenced by myelin basic protein (MBP) and myelin protein 2 (P2), using neutron diffraction and quasi-

elastic neutron scattering. A model for the scattering function describing molecular lipid motions is

DOI: 10.1039/c3sm51393a
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1. Introduction

Mpyelin is the insulating, multi-lamellar membrane structure
that surrounds selected nerve axons in both the central nervous
system (CNS) and the peripheral nervous system (PNS). Its main
function is the electrical insulation of the axons and it accel-
erates the nerve impulse transmission.

Compared to an average cellular membrane, myelin is very
lipid-rich, containing 75-80% anionic and neutral lipids and only
20-25% proteins." The major lipids in CNS and PNS myelin are
cholesterol, phospholipids, and galactolipids, which are impor-
tant for the membrane structure and assembly.>® CNS and PNS
myelin contain different unique proteins, which interact closely
with the membrane.*® The major CNS compact myelin proteins
are MBP, which accounts for ~30%,” and proteolipid protein
(PLP), which constitutes ~50% of the total protein fraction.® PNS
myelin contains MBP (present at only 5-18%7), the PO glycopro-
tein, the peripheral myelin P2, and the peripheral myelin protein-
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suggested. Although dynamical properties are not affected significantly by MBP and P2 proteins, they act
in a highly synergistic manner influencing the membrane structure.

22 (PMP-22). In this study, model membranes mimicking the
PNS compact myelin, which contain both MBP and P2, were
investigated, and particularly, the influence of the proteins on
membrane dynamics was assessed.

MBP, which is located between the cytoplasmic leaflets of
compact myelin, is one of the main agents responsible for
formation and compaction of CNS myelin and maintains myelin
stability.”™* The most abundant isoform of human MBP is the
18.5 kDa protein. A precise three-dimensional structure of MBP is
unknown; due to intramolecular electrostatic repulsion (net
charge of +20 at neutral pH) and the lack of a hydrophobic core, it
exists in an extended, intrinsically disordered conformation in
solution.””™* In contrast, in the presence of lipids, MBP adopts a
more ordered structure with a-helices and B-sheets.*****” Based
on electron microscopy single particle reconstructions and
molecular dynamics simulations, a “C”-shape with a B-backbone
was suggested for lipid-bound bovine MBP,'®* as illustrated in
Fig. 1(a) (Protein Data Bank entry 1QCL).

MBP most likely lies flat in the major dense line of myelin,
penetrating deeply into opposing bilayers. The region consisting
of the residues 83-92 of recombinant murine MBP was found to
form an a-helix when bound to myelin-like vesicles, penetrating
into the lipids.*** Also other membrane-binding segments have
been characterized. MBP binds to mixtures of neutral and
anionic lipids, preferentially to the latter."#*** The 14.8 kDa P2
protein is only present in the PNS, constituting 1-15% of the total
protein fraction, depending on the species.>** Like MBP, it is
located on the cytoplasmic side of compact myelin.*® The
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Fig. 1 (a) "C"-shape of bovine MBP determined by electron micros-
copy and molecular modeling.’®*® (b) Left: electrostatic potential of the
human P2 surface (blue: positive charge; red: negative charge; grey:
neutral). Right: crystal structure of human P2.2° The bound palmitate
molecule in the crystal structure is shown as spheres.

electrostatic surface distribution of P2 (net charge +10 at neutral
pH), with two opposed highly positively charged regions sepa-
rated by a neutral, central rim (Fig. 1(b), left), allows the protein
to interact with two apposing myelin leaflets.”® P2 has been
suggested to have a similar structural function in PNS myelin as
MBP in CNS myelin; this is supported by the notion that MBP-
deficient mice have essentially normal-looking myelin in the
PNS, even though CNS myelination is severely impaired.>”*®
Furthermore, atomic force microscopy (AFM) studies® indicated
that MBP and P2 present together in a membrane surface have a
cooperative action to induce stacking of bilayers into multilayers.
The structure of human P2 was determined by X-ray crystallog-
raphy,” revealing a compact p-barrel, which consists of 10 anti-
parallel B-sheets surrounding a ligand-binding cavity inside the
barrel (Fig. 1(b), right). On top of the barrel, two o-helices are
located like a lid, which may open when the internal binding
cavity interacts with lipids, and it probably penetrates into the
membrane.*® Like MBP, the structure of P2 changes when bound
to lipids, resulting in a decrease in the a-helical and an increase
of the B-sheet content.** Previous neutron scattering studies have
shown that P2 bound to myelin-mimicking vesicles either made
of 1,2-dimyristoyl-sn-glycero-3-phosphatidic acid (DMPA) or of a
binary mixture of 1,2-dioleoyl-sn-glycero-3-phospho-i-serine
(DOPS) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
respectively, reduces the lipid dynamics.**

In the present study, the influence of MBP and P2 on the
structure and the dynamics of myelin model membranes was
investigated, using neutron diffraction and quasi-elastic neutron
scattering. The neutron scattering technique is a powerful tool
for the investigation of biological macromolecules, since they
contain approximately 50% hydrogen atoms with a very large
incoherent cross-section compared to other elements. The ener-
gies and wavelengths of cold and thermal neutrons ranging from
0.1 to 100 meV and from 1 to 30 A, respectively, allow the
investigation of molecular motions occurring on a pico- to
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nanosecond timescale and on an atomic length-scale. Model
membranes were reconstituted from a binary mixture of two
synthetic lipids (anionic DOPS and neutral DOPC) and the myelin
proteins MBP and P2 were used to mimic the cytoplasmic leaflet
of the highly complex natural myelin membrane. With this
anionic-neutral lipid composition it was possible to imitate
negatively charged compact myelin, which mainly contains
phospholipids (40% of total dry weight), cholesterol (30%) and
galactolipids (30%). Since the purpose of the experiments was to
study the properties of the myelin-like membranes in their gel
and in their liquid phases, and as the melting temperature of
human P2 is T, = 335 K,”* DOPS and DOPC are very suitable due
to their low phase transition temperatures (7¢ = 262 K for DOPS
and T¢ = 253 K for DOPC). DOPS and DOPC both possess the
same hydrophobic tails containing 18 carbon atoms in each fatty
acyl chain, but different hydrophilic headgroups.

2. Materials and methods
2.1. Sample preparation and characterization

Recombinant Hise-tagged murine 18.5 kDa MBP was expressed
in Escherichia coli (E. coli) BL21(DE3) cells using the pET-22b
vector and IPTG induction, and purified using immobilized
metal ion chromatography under denaturing conditions as
previously described.**?* Hises-tagged human P2 was expressed
by the autoinduction method* in E. coli Rosetta(DE3) cells,
using the pTH27 vector,* and purified as reported in ref. 20.
Both proteins were dialyzed against a buffer containing 20 mM
HEPES (pH 7.5) and 150 mM NaCl. The purity of the prepara-
tions was verified by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and concentrations were deter-
mined using UV absorbance at 280 nm and calculating theo-
retical extinction coefficients.

For the preparation of the reconstituted membranes, DOPS
and DOPC lipids were purchased from Avanti® Polar Lipids
(Alabaster, AL, USA) and used without further purification
(purity of at least 99%). For multilamellar vesicle formation,
the lipid powders were dissolved and mixed in chloroform with
a1:1 mass ratio. Chloroform was removed to yield a thin lipid
film, using a dry nitrogen stream. The lipids were further dried
under vacuum overnight and subsequently hydrated in D,O
(concentration of 50 mg ml™ "), resulting in large multilamellar
vesicles (LMVs). D,O was used for hydration due to the very
small incoherent cross-section of deuterium, in order to
change the contrast between solvent and lipids. After 5 cycles of
freezing and thawing of the LMV suspension, large unilamellar
vesicles (LUVs) were obtained by extrusion through a 100 nm
pore-sized membrane, using the Avanti® Mini-Extruder.
Appropriate amounts of protein solution, at a concentration
respecting the protein ratio of MBP and P2 in the PNS, were
added to the LUV solution. The concentration of MBP was 0.14
mg ml ™, resulting in 0.28% (w/w) with respect to the recon-
stituted membrane and the concentration of P2 was 0.31 mg
ml ™, corresponding to 0.62% (w/w). First of all, this very small
protein amount was adequate to observe possible variations of
the membrane dynamics due to the presence of proteins,
without contributions arising from the protein dynamics.

This journal is © The Royal Society of Chemistry 2014
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Moreover, the chosen protein concentration allowed us to
eliminate experimental artifacts arising from lipid-aggregation
at higher protein quantities. Recent studies of Patzig et al.®
revealed quantities of MBP and P2 of 2% and 0.5% of total PNS
myelin by mass spectrometric quantification. The protein-to-
lipid molar ratio was, thus, approximately 1 : 8000 for MBP and
1: 3000 for P2. The following samples were prepared: protein-
free lipids (named pf-lipids in the following), lipids with MBP
(named MBP-lipids), lipids with P2 (named P2-lipids) and
lipids with MBP and P2 (named MBP-P2-lipids). The LUV
suspensions were spread on SiO, (1 1 1) wafers (Silchem,
Freiberg, Germany) to promote the formation of oriented
multilayers. The samples were dried in a vacuum oven for 24 h
and then re-hydrated in a D,O atmosphere with a relative
humidity of 95%, using a saturated CaSO,-D,0 solution, for 36
h. At this high hydration level, which was the same for all
samples, the number of D,0 molecules per lipid molecule can
be estimated to be 25 to 27.° The incoherent scattering cross-
sections of water and lipids were evaluated to 1.7% and 98.3%.
For simplification purposes, we can exclude any contribution
of the D,O to the scattered intensities. Three such wafers were
stacked in an aluminium sample holder with an empty wafer
on the top, and each wafer contained approximately 33 mg of
lipids. Since the success of the neutron scattering experiments
and the reliability of the results depend on the quality of the
samples, detailed sample characterization was performed with
a range of biophysical techniques, as described in detail in
another following paper. Dynamic light scattering (DLS)
experiments were performed in order to determine the particle
size-distribution of the LUV solution with and without
proteins. Sucrose gradient centrifugation followed by SDS-
PAGE was used to verify the lipid-protein binding. Therefore,
the sample of each protein-LUV solution was applied on the
top of the gradient and was ultra-centrifuged. This allowed
identifying possible lipid or protein aggregates, which are not
bound to the lipids, since those would travel to the bottom of
the gradient having a high density. Each sucrose layer was
further analyzed by SDS-PAGE. As shown in Fig. 2, proteins
were present only in the lipid-protein sample (and not in the
sucrose layers), which indicated that they are bound to the
lipids. Differential scanning calorimetry (DSC) experiments

kDa

43
MBP 35

B2 - 27

14

Fig. 2 Verification of lipid—protein binding: SDS-PAGE for samples of
the sucrose gradient with lipid-band and myelin proteins MBP and P2
after centrifugation (inset). Protein bands of MBP (18.5 kDa) and P2
(14.8 kDa) are clearly visible in gel-columns with the lipid—protein band
of the gradient, indicating correct lipid—protein binding. (The “flower”
at the bottom of the gel is a typical feature assigned to lipids).
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confirmed the presence of two distinct gel-to-liquid phase
transitions of both lipids at the expected temperatures T..
Finally, neutron diffraction experiments on D16 (Institut Laue-
Langevin, ILL, Grenoble, France) on the final membrane
samples for the investigation of the characteristic repeat
distance and the mosaic spread of the membrane indicated
highly parallel oriented multilayers: each wafer was then esti-
mated to contain ~6600 bilayers with a mosaic spread of less
than 0.5 degrees.

2.2. Neutron diffraction and quasi-elastic neutron scattering

Neutron diffraction measurements were performed on the
diffractometer D16° and the backscattering spectrometer IN16,%”
having supplementary diffraction detectors, at the ILL (Grenoble,
France), which allowed the investigation of the membrane
structure in a very large Q-range. Since the Q-region explored on
D16 was 0.04 A~' = Q = 0.42 A™?, repeat distances characteristic
for the reconstituted DOPS-DOPC bilayers were investigated.
Moreover, with an accessible Q-range on IN16 of 0.36 Al=0=
1.84 A~', Bragg peaks characteristic for ice, which was present in
the fully hydrated membranes, were visible. In order to cover the
gel-to-liquid phase transitions of the lipids, elastic temperature
scans, ranging from 240 K to 300 K and back, were performed on
D16 and from 20 K to 300 K on IN16.

To investigate molecular motions of the lipids occurring over
a very broad temporal range and on different length-scales,
influenced by MBP and P2, quasi-elastic neutron scattering
(QENS) experiments were carried out on the three time-of-flight
spectrometers IN5 (ILL, Grenoble, France), Osiris (ISIS at the
Rutherford Appleton Laboratory, Oxfordshire, United Kingdom)
and Neat (Helmholtz-Zentrum Berlin, Berlin, Germany) with
different energy resolutions and Q-ranges. For IN5 an energy
resolution (FWHM) of 12 peV (corresponding to a timescale of
~30 ps), for Osiris of 100 peV (~10 ps) and for Neat of 216 pev
(~1 ps), was used. With Q-ranges of 0.1 A™' = Q = 1.14 A" for
IN5,0.60 A"t = Q = 3.52 A for Osirisand 0.37 A"' = Q= 2.26
A~! for Neat, the identification of membrane dynamics of
different length-scales was possible: 5.5 A =< d =< 62.8 A (IN5),
1.8 A = d = 10.5 A (Osiris) and 2.8 A = d = 17.0 A (Neat), with
d = 27/Q. The measurements were performed at 300 K, corre-
sponding to the liquid phase of both lipids. In order to study
molecular motions predominantly parallel (in-plane) and
perpendicular (out-of-plane) to the membrane plane, samples
were oriented at 135° and at 45° with respect to the incoming
neutron beam, as illustrated in Fig. 3.

For correction purposes, a cell with four SiO, wafers, a
vanadium sample and an empty cell were measured at 300 K.
With a transmission of the samples of ~95%, multiple scat-
tering effects could be neglected. Data corrections were per-
formed using ILL software LAMP for IN5 data,* ISIS software
MODES for Osiris data* and HZB software FITMO* for Neat
data. After subtraction of a spectrum of the empty cell with
wafers from the data, the spectra were normalized to the scat-
tering signal of vanadium to compensate for spurious back-
ground anomalies and detector efficiency. The Q-values for the
membrane Bragg peaks, as well as the Q-values containing the

Soft Matter, 2014, 10, 519-529 | 521
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incident neutron beam . incident neutron beam

Fig. 3 Scheme of the two orientations of the membrane samples in
the geometry of the backscattering spectrometer IN16: (a) in-plane
configuration: the sample is oriented at 135° with respect to the
incoming beam; the scattering vector Q is parallel to the membrane
plane. (b) Out-of-plane configuration: the sample is oriented at 45°
and Q is perpendicular to the membrane plane.

shadow of the sample holder present at the out-of-plane
configuration, were excluded.

2.3. Quasi-elastic data analysis

The theoretical scattering function describing a quasi-elastic
spectrum can be written in general as*

Sieo(0.0) = e ()€

40(0)8() + 3 A(QLi(Q.0) |, (1)

where the first term is analogous to the Debye-Waller factor
used in crystallography to describe atomic vibrations. The delta
function takes into account atoms performing motions that
cannot be resolved within the instrumental energy resolution
and appear immobile and 4, is the elastic incoherent structure
factor, which is the fraction of the elastic contribution con-
tained in the total scattering intensity. The last term is the
quasi-elastic component of the scattering function, which
consists of a sum of Lorentzians, describing the identified
molecular motion. The Q-dependent functions A,(Q) are the
quasi-elastic structure factors, which give the relative intensities
of quasi-elastic contributions.

In order to describe molecular motions in the reconstituted
membrane samples, the measured quasi-elastic spectrum was
modelled by the theoretical model function Sg,eo(Q,w) and a
background B(Q,w), convoluted with the resolution function
Sres(Q,w) of the instrument:

Smeas(Q7 w) & [Stheo(Q7 w) + B(Q, w)] ® Sres(Qa w) (2)

The shape of Sueo(Q,w) depends on the type of motions,
which are very diverse in biological molecules.

A model for Sineo(Q,w), which describes five proton pop-
ulations (“hydrogen atom populations” is used in the
following), executing different kinds of motions, has been
adopted for our data:

(1) A population that appears immobile within the energy
resolution in the quasi-elastic region and that only contributes
to the Debye-Waller factor exp(—(«*)Q?) with the mean square
displacements (¢*) by their vibrational motion.

(2) A population undergoing free diffusion in a confined
spherical volume of the radius Ry; with the diffusion constant
Dy, described by the scattering law**

522 | Soft Matter, 2014, 10, 519-529
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Sv1(Q7 ‘U) = AO(Q)‘S(Q)‘3
LS @4
T {l.n}#{0,0}

(an)Dw/sz
[(an)sz/sz] ’ + ?
(3)

Ao(Q) is the elastic incoherent scattering factor (EISF) and is
described by a spherical Bessel-function of first order j;(QRy;):
Ao(Q) = [3/1(QRy1)/QRy, .

(3) A population undergoing the same motions like 2, with a
larger diffusion constant Dy, > Dy; and a radius of confinement
Rys.

(4) A population that performs a 2-site jump diffusion among
two equivalent sites.”® This motion is independent from the
diffusion in confinement and is faster, causing a much broader
quasi-elastic contribution to the spectrum. It is described by

1 2t Jump

Srump(Q, @) = Bo(Q)d(w) + [1 = By(Q)] (4)

TAT O ram?
with the EISF By(Q) = 1/2[1 + j;(Qd)], the jump distance d and
the mean residence time ;. of an atom at one of the equi-
librium positions.

(5) An additional Lorentzian had to be added for data
obtained on Neat with a large energy resolution (216 peV), for Q
= 0.76 A~%. This Lorentzian is constant in Q and describes a
motion occurring on a picosecond timescale and on a length-
scale of ~10 A, but its meaning is not clear yet. For a better
understanding, experiments on instruments with a similar
energy resolution (216 peV) and a higher Q-resolution for low Q-
values would have to be performed. Besides the MBP-sample,
the resulting values of the HWHM of this Lorentzian I" were
similar to the HWHM of the 2-site jump diffusion: 2/I'pymp.
Hence, this Lorentzian could describe a rotational motion that
is not included within this model.

The fractions of hydrogen atoms belonging to populations
(1) to (5) are indicated by f(1), pvi (2), pva (3), Pramp (4) and pror
(5) with f+ pys + Pva + Pjump * Pror = 1. Hence, the resulting
model scattering function is

Seo (0, ©) = e “ILf3(w) + pyviSvi(Q, ®) + pyaSva(Q, w)
+ pJumpSJump(Qa Q)) + PLorLLor(Q7 w)] (5)

It is important to remark that the Debye-Waller factor is an
overall factor common to all of these hydrogen populations.

Since the required quasi-elastic contributions are numerous,
the following strategy was used in order to safely reduce the
number of fitting parameters: instead of fitting each spectrum
individually, a program has been used, which is able to fit
simultaneously all spectra at different Q-values obtained on
several instruments. This approach was derived for the analysis
of QENS dynamics in lipid vesicles by Gerelli et al.;** the analysis
is based on the Minuit non-linear minimization routine.*® Since
this routine was written for the use of two instruments, the
fitting procedure was performed as follows: IN5 and Osiris data
were first fitted. Then, Osiris and Neat data were fitted with fixed
parameters of Sy, which were obtained from the first fit. At the
last step, IN5 and Osiris data were re-fitted, fixing parameters of

This journal is © The Royal Society of Chemistry 2014
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Svi, Svz2 and Syymp. The additional Lorentzian was adjusted in
the last step by fitting the first four Q-groups of Neat-data with
fixed parameters for Sy, Sy, and Syump. The pre-factors f, pyi, pv»
and pjump were not the same for all instruments, since the
model is an average description of the main motions, but does
not contain information about all components present in the
system, for example water. Hence, scattering intensities arising
from some of these components are considered negligible when
analyzing the data of the single instruments, but they lead to
differences when fitting all the instruments together.

3. Results and discussion
3.1. Structural properties of the membranes

The structure of the multilayered membranes was studied using
neutron diffraction as a function of temperature (Fig. 4).

For the pf-lipids, repeat distances of ~59 A were obtained for
both the gel and the liquid phase (Fig. 4 and 5). In contrast, this
repeat distance shifted to smaller values at ~262 K, when the
lipids have transformed to the liquid phase, but the water has
not melted yet, and shifted back to the initial distance, at the
melting point of the D,0O, at ~277 K. This behavior could be
explained as follows. Assuming that the confined hydration
water in the membrane is amorphous, it could be squeezed out
of the membrane and become ice, when both lipids have
transformed from the gel to the liquid phase (at ~262 K),
resulting in a smaller repeat distance. In the diffraction pattern
(Fig. 4(a)) this is visible as a jump-like decrease. When the ice
becomes liquid, it probably moves into the interbilayer space
again and the repeat distance increases slowly to the initial
value (~59 A). The fact that the repeat distance in the liquid
phase is the same as in the gel phase, and not smaller (which
would be expected since liquid D,O has a smaller volume than
ice), could indicate that the water is in its amorphous state.
Related findings have been made by Weik et al® Fig. 4(b)
illustrates a diffraction pattern obtained on IN16. Three Bragg
peaks were obtained at 1.6, 1.7 and 1.8 A~%, which are charac-
teristic for hexagonal ice, and which disappear at the water
melting point, indicating that there is bulk D,O outside the
membrane.***°

®wo2)
(£00)- @aon

T[K]
T[K]

239
004 0.14 0.23 033 042

QIA"]
@

Fig. 4 (a) Diffraction patterns obtained on D16 for the pf-lipids during
heating. The color represents the radially summed scattering intensity
as a function of Q and of the temperature. A shift of the repeat distance
of the bilayers is visible with increasing temperature. (b) Diffraction
patterns obtained on IN16 for the pf-lipids during heating. The inset
shows the three Bragg peaks obtained at 1.6, 1.7 and 1.8 A™%, at 20 K,
assigned to crystalline water.
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Fig. 5 Diffraction patterns for pf-lipids (a), MBP-lipids (b), P2—-lipids (c)
and MBP-P2-lipids (d) at 242 K (lipid gel phase, represented by the
open circles) and at 285 K (lipid liquid phase, represented by the filled
squares) achieved on D16.

Fig. 5 shows the Q-dependent diffraction patterns for all
samples at 242 K (below the lipid phase transitions) and at 285 K
(above the lipid phase transitions). In the gel phase, all samples
show the same repeat distance. Nevertheless, the Bragg peak is
less intense and broader for the MBP- and the P2-lipids than for
the other samples, suggesting a more disordered structure.
Furthermore, the intercept is higher, suggesting a less ordered
membrane fraction with a large d-spacing (corresponding to low
Q-values), which cannot be resolved here. Since MBP is known to
be squeezed out of a bilayer in the gel phase, and preferentially
binds to lipids in the liquid phase,**** this domain could be
associated with areas of squeezed out proteins. In contrast, for
the MBP-P2-lipids this effect seems to be compensated by the
presence of the two proteins (intercept dimension as for pf-
lipids), which could be caused by the stacking effect of MBP and
P2.» For the liquid phase, additional Bragg peaks arise, when
myelin proteins are present: the MBP- and the MBP-P2-lipids
show both the d-spacing characteristics for the pflipids and
other repeat distances, indicating the formation of lipid domains
with and without proteins (Fig. 5(b) and (d)). However, the P2-
lipids exhibit two repeat distances in the liquid phase, which are
larger than for the pf-lipids (Fig. 5(c)). To better understand how
the proteins are organized within the membrane, these Bragg
peaks were fitted with Gaussian functions and gave rise to the
following structural models in the lipid liquid phase.

For the pf-lipids the fitting gave a repeat-distance of 59 A, as
shown in Fig. 6(a). With a bilayer thickness of ~37 A for a
DOPS-DOPC-bilayer,”>* the interbilayer spacing is ~22 A. This

Soft Matter, 2014, 10, 519-529 | 523
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Fig. 6 Schematic views of DOPS-DOPC membranes with, and
without, proteins. (a) Protein-free membrane unit: the same repeat
distance of ~59 A was obtained in both the gel and the liquid phases of
the lipids. Dg: average bilayer thickness. (b) Membrane unit containing
an MBP protein. Membrane fractions affected by MBP account for
~75%. (c) Membrane unit containing a P2 protein, completely affected
by P2. (d) Membrane unit containing both MBP and P2 proteins, where
a membrane fraction of only ~7% remains unaffected.

distance is likely to be affected by electrostatic repulsion
between the apposed membranes.

For the MBP-lipids, the protein-free membrane fraction
accounts for ~25% and the fraction containing MBP for ~75%
(Fig. 6(b)). With a repeat distance of 79 A, the C-shaped MBP fits
between the bilayers by penetrating ~2 A at each side into the
bilayer, maybe executed by the a-helical residues 83-92 of the
protein.*** It should be noted that the C-shape was determined
on lipid monolayers, and the conformation between two bilayers
may be different.

For the P2-lipids, a fraction with a repeat distance of ~74 A
was found to account for ~60% and the fraction with a d-
spacing of ~65 A for ~40%, as illustrated in Fig. 6(c). Since the
height of the B-barrel is ~30 A, and the diameter of the entire P2
crystal structure 45 A, we assume that the protein is located in
membrane fractions with the larger d-spacing, and the a-helical
lid probably penetrates deeply into the bilayer. Membrane
fractions with a repeat-distance of 65 A probably show an
intermediate distance between protein-affected and protein-
unaffected membrane fractions.

For the MBP-P2-lipids (Fig. 6(d)), three repeat distances of
~59 A (protein-unaffected), ~74 A and ~65 A (as for the P2-
lipids) were identified. Because of a threefold higher amount of
P2 proteins than MBP proteins in the MBP-P2-lipids, it is
possible that proteins synergistically build assemblies within the
membrane (Fig. 6(d)). This hypothesis is one possible assump-
tion and probably the simplest case. Since we did not find any
repeat-distance characteristic for the MBP-sample (79 A), it seems
that P2 dictates the dimension in the protein-containing
membrane domain of 74 A. MBP would have to penetrate deeply
into the bilayers with its height of 47 A in the C-shaped
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conformation; it could also take a more flat conformation in the
presence of P2. The unaffected membrane-fraction accounts only
for 7%.

Surprisingly, we found that the protein-free membrane
fraction became very low in the presence of such a small protein
amount, although the fraction of surface with protein-bound
lipids can be calculated to 0.31% for the MBP-lipids, 0.23% for
the P2-lipids and 0.53% for the MBP-P2-lipids. Fig. 7 shows a
scheme of the surface contribution of protein-bound lipids for
the MBP-P2-lipids. A possible explanation are strong electro-
static interactions between the P2 protein and the negatively
charged lipids, because P2 has a high positive electrostatic
potential at the two opposing sides of the protein, separated by
a neutral central rim. These interactions seem to be long-range
and thus influence large membrane fractions.

3.2. Dynamical properties of the membranes

Fig. 8 shows quasi-elastic spectra of all samples measured on
IN5 at 300 K for the in-plane configuration (left) and the out-of-
plane configuration (right), normalized and integrated over the
whole accessible Q-range.

For both, small differences in the quasi-elastic broadening
are visible. Fig. 9 illustrates an example for the fitting of

778983A2 4176 A2

4

883A= { 883A
Length protein complex: 73A

Fig.7 Scheme of the surface contribution of lipid-bound proteinsin a
monolayer of the MBP—-P2-lipids. Top: top view; bottom: side view.
The fraction of the surface with protein-bound lipids was calculated to
be 0.53%.

0,1

S(Q:0) [a.u]

0,01

-0,1 0,0 0,1 -0,1 0,0 0,1
AE [meV]

Fig. 8 Quasi-elastic spectra of pf-lipids (filled circles), MBP-lipids
(open triangles), P2-lipids (filled squares) and MBP-P2-lipids (open
rhombs) measured on IN5 at 300 K. Data are shown for in-plane
configuration (135°, left) and out-of-plane configuration (45°, right).
The normalized intensities were integrated over the whole accessible
Q-range.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C3SM51393A

Published on 05 November 2013. Downloaded by JOINT ILL - ESRF LIBRARY on 07/01/2014 10:41:33.

Paper

View Article Online

Soft Matter

1000

(=3
=4

=4

S(Q,0) [a.u.]

0,1

02 ) ] 0.8 00 05 1,0 L5 20
AE [meV]

Fig.9 Normalized quasi-elastic data for pf-lipids in the out-of-plane configuration at 300 K, fitted using egn (5). Data (grey squares) are shown
for Q@ = 0.9 A~ and plotted together with the total fit function (black), Sy1(Q.w) (green), Sy-(Q,w) (blue), the 2-site jump diffusion (magenta) and
the elastic line (red), which is the resolution function. Left: IN5-data; middle: Osiris-data; right: Neat-data.

quasi-elastic spectra obtained from the pf-lipids at 300 K in the
out-of-plane configuration for all instruments at similar Q-
values, using eqn (5).

Results for the fitting parameters Ry, Dy, d, Tjump and I are
given in Table 1, where the index 1 stands for Sy;(Q,w) and index
2 for Sy,(Q,w). The hydrogen fraction py,mp performing 2-sites
jump diffusion (magenta curve) is visible only on Neat,
accounting for ~50%, and participates as a flat background on
IN5 and Osiris spectra, accounting for only 5-10%. In contrast,
the fraction py,, which is related to diffusion in a confined
spherical volume of radius Ry, is clearly observable on IN5 and
Osiris, representing fractions of 40-50%, but cannot be resolved
by the energy resolution of Neat.

The type of dynamics described by the model has already
been found in lipid-membranes using quasi-elastic neutron
scattering,**>*** NMR studies® and molecular dynamics simu-
lations.®® Brown et al.*® have carried out NMR studies on 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and DOPC
multilayers as well as on DPPC vesicles, to investigate spin
lattice relaxation rates 1/T;. The relaxation time T,, which is the
time for the return of the spin from the excited to the equilib-
rium state, characterizes internal lipid chain dynamics and
molecular reorientations of the chain methylenes, occurring on
a pico- to nanosecond timescale. These reorientations arise
from molecular rotational diffusion or from internal dynamics
as torsional isomerization between gauche and trans confor-
mation. Molecular dynamics simulations indicate that the

trans-gauche isomerizations occur on a timescale of tens of
picoseconds in the lipid chains and slow down closer towards
the lipid headgroups (timescale of a few 100 picoseconds).** 1/
T, relaxation rates as a function of the position along the DPPC
lipid chains were found to be constant for the 3rd to the 9th
carbon with a frequency of 10'°Hz and to increase from the 9th
to the 15th carbon. This effect was the same for DPPC multi-
layers and vesicles. Pitman et al.*® have performed molecular
dynamics simulations for 7, relaxation rates as a function of the
carbon positions along the oleic chain of DOPC, which indi-
cated that the relaxation rate is constant from the 1st to the 8th
carbon and increases from the 11th to the 17th carbon. At the
double bond of the vinyl group, which is between the 9th and
10th carbon of DOPC, the relaxation was slower. This indicated
that T, spin lattice relaxation rates are strongly affected by
unsaturation. Based on these observations, the slow diffusion in
confinement (characterized by Dy,) performed by population
Pv1 is assigned to the upper part of the lipids (including the
lipid head groups and the double bond of the vinyl group) and
the fast restricted diffusion executed by py, to the terminal part
of the lipids, from the last methylene group until the double
bond. Fig. 10 illustrates schematically the model used to discuss
quasi-elastic data obtained for a reconstituted DOPS-DOPC
myelin-membrane in the liquid phase.

It summarizes the main motions along the phospholipid
molecule, where f, the temperature dependent parameter indi-
cating the “immobile” hydrogen atoms, is not included for the

Table 1 Fitting parameters for data obtained at 300 K with the following absolute errors: ADy; = +0.01 x 107> cm? s, ADy, = +0.1 x 107>
cm?s™L ARy; = ARy, = 1A Ad = £05 A At = £0.01 meV~'and AT = +£0.05 meV

Sample Ryq [A] Dy; [em® s71 1077] Ry [A] Dy, [em® s71 1077] d[A] Tyump [MeV 1] I [meV]
Pf-lipids 135° 4 0.16 5 1.8 2.5 0.93 2.15
Pf-lipids 45° 6 0.15 7 1.1 2.5 1.36 1.47
MBP-lipids 45° 5 0.25 5 2.3 2.3 0.80 0.77
MBP-lipids 135° 6 0.17 5 1.8 2.4 1.00 0.52
P2-lipids 45° 5 0.19 7 1.8 2.1 0.92 2.17
P2-lipids 135° 4 0.15 6 1.3 2.5 1.31 1.53
MBP-P2-lipids 45° 4 0.19 6 1.3 2.2 1.32 1.51
MBP-P2-lipids 135° 6 0.16 5 1.7 2.2 1.32 1.52

This journal is © The Royal Society of Chemistry 2014
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out-of-plane:
slower
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0 quoPNa:

Fig. 10 Schematic illustration of the model applied to quasi-elastic
data of a DOPS—-DOPC membrane in the liquid phase. Sy1(Q,w) could
be assigned to the initial part of the lipid chains, including the lipid
headgroups and the double bond, and Sy»(Q,w) to the terminal part of
the chains, both with a radius of confinement of Ry = 5 A. The 2-site
jump diffusion could be attributed to the hydrogen-atoms of the
methylene groups, with jump distances of d = 1.8 A.

sake of clarity. Also py, is not indicated, since its origin is still
unclear as described above.

It has to be noted that with quasi-elastic neutron scattering,
all hydrogen atoms in the samples contribute to the scattering
signal resulting in averaged proton dynamics. Thus, we cannot
distinguish between membrane domains influenced by MBP
and P2 and membrane domains in which the lipids remain
unaffected. The observed diffraction data for the same
membrane samples revealed that even at these low protein
concentrations, the membrane structure is strongly affected by
MBP and P2, as described above.

For comparison, the fitting parameter f, which represents the
contribution of immobile hydrogen atoms obtained on IN5
(left), Osiris (middle) and Neat (right), is illustrated schemati-
cally in Fig. 11. There is not much difference for f within the
error bars between the different samples. The diffusion
constants Dy; and Dy, describing the fast and slow diffusive
processes, differ by one order of magnitude in all samples
(illustrated in Fig. 12(a) and (b)), which has also been observed
with QENS by Gerelli et al.** for slow and fast restricted diffusive
motions, occurring in LUVs made of 1-palmitoyl-2-oleoyl-sn-

IN5 Osiris ' Neat

bl anans

pf-lipids MBP P2 MBP-P2 pflipids MBP P2 MBP-P2 pf-lipids MBP P2

Fig. 11 Fitting parameter f, indicating the fraction of immobile
hydrogen atoms, obtained for IN5 (left), Osiris (middle) and Neat (right)
at 300 K. Half-filled bars: out-of-plane configuration; filled bars: in-
plane configuration.
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Fig.12 Diffusion constants Dy (a) and Dy, (b) and radii of confinement
Ry1 (c) and Ry, (d). Half-filled bars: out-of-plane configuration; filled
bars: in-plane configuration.

glycero-3-phosphocholine (POPC) and 1,2-dimyristoyl-sn-glyc-
ero-3-phospho-i-serine (DMPS) in their liquid phase. The cor-
responding radii of confinement are shown in Fig. 12(c) and (d).

Regarding the membrane orientations (out-of-plane config-
uration, half-filled bars and in-plane configuration, filled bars
in Fig. 12), the confined diffusion in the initial part of the lipids
(Dyv4) is slightly faster in the in-plane configuration, ie.
perpendicular to the lipid chains. This effect is observed in all
samples and thus does not seem to be influenced by the myelin
proteins in this part of the lipid chains. However, for the
diffusion constant Dy,, corresponding to the terminal part of
the lipids, this tendency is visible for all samples beside the
MBP-P2-lipids, which show a faster diffusion in the out-of-
plane configuration. The radii of confinement Ry; and Ry, are
approximately 5 A for all samples (Fig. 12(c) and (d)), according
to the radii found by Gerelli and co-workers.** Similar values
were determined by Doxastakis et al.>® using QENS and molec-
ular simulations on freeze-dried head-deuterated DPPC LUVs in
their liquid phase. In contrast, Djurado et al®* determined
several hydrogen atom populations in lipid films that perform
diffusion in spheres of different radii.

For the population pyump, performing 2-site jump diffusion,
which was visible mainly on Neat, jump distances d between 2.1
A and 2.5 A were obtained, with an absolute error of 0.5 A (Table
1). Within the tolerance, the fraction py,mp, could be assigned to
CH, (methylene) groups in the lipid chains, since the distance
between their hydrogens is ~1.8 A (illustrated in Fig. 10). These
dynamics are not to be confused with torsional isomerizations,
which have smaller residence times in the order of 7y, = 0.6
meV '.* Further, they are decoupled from the confined diffu-
sions, because a fitting of a model with a convolution of Syump
and Sy, or Sy, was not possible with the used instruments. These
motions appear decoupled within the time windows we used.

The jump distance does not seem to be influenced by MBP
and P2 proteins. However, the residence time tjyn,, is larger for
the out-of-plane than for the in-plane configuration for all
samples, indicating slower jumps in the direction parallel to the
lipid chains. For the MBP-lipids Tjymp is smaller for both
configurations with respect to the other samples. This suggests

This journal is © The Royal Society of Chemistry 2014
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that the methylene groups perform faster jumps, when MBP is
bound to the membrane. Also the slow diffusion of fraction py;
is faster when MBP proteins are present in the membrane,
compared to the pf-lipids, even more in the in-plane configu-
ration. Regarding the diffusion of fraction py,, Dy, is larger for
both configurations. This effect arises together with an increase
of the repeat distance of 20 A of this membrane sample caused
by MBP proteins, as measured with neutron diffraction (see
above). As illustrated in Fig. 6, we suppose that the protein
penetrates 2 A at each side into the bilayer. The protein-bound
membrane fractions accounting for ~75% with respect to
protein-free lipid fractions would increase the space for the
lipid chains in both directions and hence, the restricted diffu-
sions performed by hydrogen populations in the upper (py,) and
in the lower part of the lipids (py,), are enhanced for both
configurations. The results are related to former studies per-
formed by Natali et al.*** on MBP purified from mammalian
CNS and bound to a reconstituted oriented membrane made of
DMPA: with quasi-elastic and elastic incoherent neutron scat-
tering experiments it was demonstrated that membrane
dynamics in the order of 100 ps and 1 ns, characterized by
confined diffusive motions of the lipids, were significantly
enhanced by MBP in the liquid phase of the lipids, in particular
in the out-of-plane configuration. However, the protein
concentration was 5 wt% and thus much higher than in our
case.

Regarding the P2-lipids, the diffusion coefficients Dy, and
Dy, do not change significantly compared to the pf-lipids, for
both configurations. Neutron diffraction on this sample has
revealed two widened repeat distances of 65 A and 74 A (illus-
trated in Fig. 5) with respect to the pf-lipids with a d-spacing of
59 A, which could enhance the lipid dynamics. The fraction with
the larger interbilayer spacing was suggested to contain P2
proteins, with the a-helical lid (shown in red in Fig. 1) pene-
trating partially between the lipid headgroups. The fraction
with the smaller repeat distance probably depicts an interme-
diate distance between protein affected and unaffected
membrane fractions. However, because of the electrostatic
potential of P2, which is highly positive at the two opposing
sides of the protein, separated by a neutral central rim, and
yields a strong interaction of P2 with negatively charged lipids,
this enhancement could be compensated. Additionally, the a-
helical lid penetrating partially into the bilayer also might
reduce the lipid flexibility. Hence, no differences were obtained
in the confined diffusions, with respect to the pf-lipids.

For the MBP-P2-lipids, the diffusion coefficient Dy,, which
belongs to the terminal part of the lipids, is much smaller with
respect to the other samples for the in-plane configuration,
indicating a reduction in confined diffusive motions of this
lipid part. This effect is in agreement with AFM observations of
Suresh et al.,> which indicate that MBP and P2 synergistically
increase membrane stacking, probably caused by an enhance-
ment of the adhesiveness between bilayers due to MBP and P2,
which could decrease the motions in this inner part of each
bilayer perpendicular to the lipid chains. In contrast, the
diffusion constant Dy, for the in-plane configuration is of the
same order of magnitude as for the pf-lipids, indicating that the
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restricted diffusion perpendicular to the lipid chains is not
affected by the proteins. The hypothesis of MBP-P2-protein
assemblies in the membrane, based on neutron diffraction
data, is supported by the binding properties of MBP with
different cytosolic proteins, which suggests MBP to function as
a scaffolding protein.”* This protein association would cause
very strong electrostatic interactions between P2 proteins and
the lipid headgroups and the MBP protein would have to
penetrate deeply into the bilayer. In contrast to the MBP-lipids
and the P2-lipids, a less ordered protein-containing membrane
domain with a large repeat distance of ~80 A was not detected
with neutron diffraction. This less ordered domain can be
associated with areas of squeezed out proteins, since MBP is
known to be squeezed out of a bilayer in the gel phase, and
preferentially binds to lipids in the liquid phase.*®®* The
absence of this membrane fraction in the MBP-P2-lipids indi-
cates that all proteins are located in the ordered domains. The
unaffected diffusion constant Dy, could, similar to the P2-data,
also be explained by a compensation effect of the increased
mobility due to a widening of the interbilayer spacing and the
decreased flexibility caused by strong electrostatic interactions.

However, the influence of MBP and P2 on membrane
dynamics investigated in this study is not significant. In relation
to this, we should mention that for our previous study on P2
effects in a liposome system, much higher protein concentra-
tions were used (1.25% (w/w); protein : lipid ratio 1 : 1500).
Furthermore, neutron diffraction data showed that the struc-
ture of large membrane fractions is affected by the two myelin
proteins, even at low concentration.

Conclusions

The influence of the myelin proteins MBP and P2 on structure
and dynamics of reconstituted model myelin membranes was
investigated by neutron diffraction and quasi-elastic neutron
scattering. The diffraction measurements revealed that, in the
lipid gel phase, protein-containing membranes exhibit the
same d-spacing as the lipids, suggesting that they have minimal
effect on the structure. In contrast, in the liquid phase, the
proteins were shown to significantly increase the interbilayer
distances. A model was suggested, in which MBP widens the
interbilayer space and penetrates ~2 A into opposing bilayers.
P2-containing membranes were found to exhibit two widened
membrane fractions. The larger spacing is suggested to contain
P2, penetrating partially into the bilayer. In combination, MBP
and P2 result in the same d-spacings as P2 alone. Due to a
threefold excess of P2 with respect to MBP, it is possible that
proteins assemble within the membrane in synergy. When MBP
and P2 were included in the membrane separately, each protein
was shown to induce an additional, less ordered, membrane
fraction with a large d-spacing, particularly in the gel phase,
consistent with proteins being squeezed out.>* This was absent
when added together, suggesting that the proteins can act
together to increase bilayer stacking.*

Five different hydrogen populations were necessary to model
the quasi-elastic spectra in the liquid phase: (1) a fraction that
undergoes only vibrational motions and appears immobile
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within the experimental resolution, (2 and 3) two populations
that diffuse in a confined spherical volume and belong to the
initial and terminal parts of the lipids, respectively, (4) a
hydrogen fraction belonging to methylene groups that
undergoes 2-site jump diffusion and (5) fraction described by an
additional Lorentzian. MBP was found to enhance the diffusive
motions of the lipids, according to the structural properties of
this membrane sample: due to the widening of the interbilayer
spacing induced by MBP, which penetrates into the bilayer, the
lipids were suggested to be more flexible, resulting in increased
diffusive motions. Unlike MBP, P2 did not appear to signifi-
cantly affect the diffusive motions of the lipids. This was
explained by the compensating structural and electrostatic
properties of P2: although an increase in interbilayer spacing
was observed, which could increase flexibility, the positive
electrostatic potential of P2, concentrated at the two opposing
sides of the protein, is suggested to compensate the enhance-
ment of the dynamics, because of strong stabilizing electro-
static protein-lipid interactions. MBP and P2 present together
in a membrane have shown to affect the lipid-motions in the
terminal part of the lipids, while the initial part remained
unaffected: the diffusion constant of the hydrogen population
belonging to the terminal part of the lipids was found to be
reduced for the out-of-plane configuration. This effect is
consistent with the previously proposed synergistic stacking
effect of multilayers induced by MBP and P2 by Suresh et al.>* In
contrast, the diffusion constant of the hydrogen population
belonging to the initial part of the lipids remained unaffected by
the proteins, which could be explained by the proposed asso-
ciation of MBP and P2 based on the neutron diffraction data,
where the MBP proteins would have to penetrate deeply into the
bilayer. This could widen the interbilayer spacing and thus
increase the membrane dynamics. In contrast, the strong elec-
trostatic interactions between MBP-P2 protein assemblies and
the lipids caused by the positive charge distribution of P2
proteins, concentrated on the opposing sides of the protein,
would decrease the flexibility, and thus increased membrane
dynamics remain compensated.

In summary, these results propose a model in which the
myelin-specific proteins MBP and P2 associate within the
interbilayer space of a reconstituted myelin membrane and
influence the structure of large membrane fractions, whereas
membrane dynamics do not change significantly at the low
protein concentrations used in the current study. MBP and P2
are suggested to promote adhesion between the bilayers, caused
by electrostatic interactions and a synergistic stacking effect by
both proteins. This could play an important role in the forma-
tion and stability of compacted PNS myelin and its major dense
line. For the future, further myelin proteins and lipids will be
added gradually, in order to investigate more complex model
myelin membranes that are closer to natural myelin.
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